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ABSTRACT 

A s t u d y  has been conducted  t o  a s c e r t a i n  t h e  e f f e c t s  
of  v a r i o u s  f a c t o r s  on t h e  T r a n s l u n a r  Midcourse c o r r e c t i o n  
p e n a l t i e s  for an  Apol lo  Lunar Miss ion .  The f a c t o r s  s t u d i e d  
i n c l u d e d ,  Launch S i t e  p o s i t i o n  u n c e r t a i n t i e s ,  o f f -nominal  
pe r f c rmance  o f  t h e  p r o p u l s i o n  and s e n s i n g  s y s t e m s  d u r i n g  t h e  
E a r t h  Launch and t h e  T r a n s l u n a r  I n j e c t i o n  p h a s e s ,  and o f f -  
nominal  v e n t i n g  d u r i n g  E a r t h  Pa rk ing  O r b i t .  I n  a d d i t i o n ,  
s e v e r a l  d i f f e r e n t  s t a t e  v e c t o r  u p d a t e  t e c h n i q u e s  d u r i n g  E a r t h  
P a r k i n g  O r b i t  were i n v e s t i g a t e d .  

It was shown t h a t  o f f -ncmina l  v e n t i n g  makes a s i g n i f i -  
c a n t  c o n t r i b u t i o n  t o  t h e  midcourse  AV p e n a l t y  when t h e r e  i s  n o  
s t a t e  v e c t o r  upda te  d u r i n g  E a r t h  P a r k i n g  O r b i t .  With a reasonaC, le  
u p d a t e  method, however,  t h e  c o n t r i b u t i o n  o f  v e n t i n g  e f f e c t s  i s  
n e g l i g i b l e .  It was a l s o  shown t h a t ,  for t h e  t r a j e c t o r y  s t u d i e d ,  
a s t a t e  v e c t o r  u p d a t e  i n  E a r t h  P a r k i n g  O r b i t  r e s u l t e d  i n  a p p r o x i -  
ma te ly  a 30% d e c r e a s e  i n  t h e  midcourse  AV p e n a l t y .  

It was demons t r a t ed  t h a t  combining t h e  t r a c k i n g  data  
from one s t a t i o n  w i t h  t h e  onboard es t imated s t a t e  v e c t o r  can  
r e s u l t  i n  midcourse  AV p e n a l t i e s  n e a r  t h a t  o b t a i n e d  w i t h  a n  a 
e r r o r  f r e e  u p d a t e .  0 

It was shown t h a t  t h e  dominant  c o n t r i b u t o r s  
( f rom powered f l i g h t  maneuvers)  t o  t h e  midcour se  AV p e n a l t y  
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1 . 0  I N T R O D U C T I O N  

T h i s  memorandum r e p o r t s  t h e  r e s u l t s  of  a s t u d y  o f  
t h e  e f f e c t s  o f  v a r i o u s  f a c t o r s  on t h e  T r a n s l u n a r  Midcourse 
c o r r e c t i o n  p e n a l t i e s  f o r  an Apo l lo  Lunar  m i s s i o n .  The f a c t o r s  
s t u d i e d  were: 

1. Launch s i t e  p o s i t i o n  u n c e r t a i n t i e s  

2 .  Off-nominal  per formance  o f  t h e  l a u n c h  v e h i c l e  pro- 
p u l s i o n  and s e n s i n g  s y s t e m s  d u r i n g  t h e  E a r t h  l a u n c h  
t o  E a r t h  P a r k i n g  O r b i t  I n s e r t i o n  phase  

3 .  Off-nominal  v e n t i n g  i n  E a r t h  P a r k i n g  O r b i t  

4 .  Va r ious  methods of st .ate v e c t o r  u p d a t i n g  p r i o r  t o  
Trans  l u n a r  I n  j e c t i o n  

5 .  Off-nominal performance of  t h e  S - I V B  p r o p u l s i o n  
and s e n s i n g  systems d.uring t h e  T r a n s l u n a r  I n j e c t i o n  
p h a s e .  

The s t u d y  i n c l u d e d  two e f f e c t s  which have n o t  
p r e v i o u s l y  been  c o n s i d e r e d  . These  were: 

1. The c o r r e l a t i o n  between a c t u a l  e r r o r s  and t h e  
u n c e r t a i n t i e s  i n  t h e  e r r o r s  a t  E a r t h  P a r k i n g  
O r b i t  I n s e r t i o n .  

2 .  The e r r o r  c o r r e l a t i o n s  r e s u l t i n g  from t h e  u s e  o f  t h e  
same i n e r t i a l  r e f e r e n c e  equipment  i n  t h e  E a r t h  Launch 
and t h e  T r a n s l u n a r  I n j e c t i o n  powered f l i g h t  p h a s e s .  
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Two s o u r c e s  of midcourse  c o r r e c t i o n  p e n a l t i e s  were 
n o t  c o n s i d e r e d  i n  t h e  s t u d y .  They  a r e :  

1. N a v i g a t i o n  e r r o r s  i n  t h e  T r a n s l u n a r  c o a s t i n g  p h a s e ,  
and 

2 .  Performance e r r o r s  d u r i n g  t h e  midcour se  c o r r e c t i o n  
b u r n s .  

The end r e s u l t s  of t h e  s t u d y  are  t h e  midcourse  AV 
p e n a l t i e s  caused  by e a c h  of  t h e  v a r i o u s  e f f e c t s ,  c o n s i d e r e d  
b o t h  c o l l e c t i v e l y ,  and i n d i v i d u a l l y .  

The s t u d y  was per formed u t i l i z i n g  l i n e a r  p e r t u r b a t i o n  
t e c h n i q u e s  abou t  one r e f e r e n c e  t r a j e c t o r y  whose g e n e r a l  c h a r a c -  
t e r i s t i c s  are  summarized as f o l l o w s :  

1. E a r t h  P a r k i n g  O r b i t  s t a y - t i m e  o f  a p p r o x i m a t e l y  
two o r b i t s ,  

2 .  T r a n s l u n a r  f l i g h t  i n  t h e  Earth-Moon p l a n e ,  

3 .  T r a n s l u n a r  f l i g h t  t i m e  o f  a p p r o x i m a t e l y  59 .7  h o u r s .  

T h i s  t r a j e c t o r y  i s  d e f i n e d  i n  more d e t a i l  as t r a j e c t o r y  
No. 1 i n  t h e  Bellcomm document l i s t e d  as Refe rence  1. 

2 . 0  GENERAL DISCUSSION AND ASSUMPTIONS 

2 . 1  Computer Programs Used 

f o r  t h e  pu rpose  of t h e  s t u d y .  The f i r s t  program, known as t h e  
S t a t i s t i c a l  E r r o r  A n a l y s i s  Program (SEAP) was d e s i g n e d  t o  mani- 
p u l a t e  l a r g e  c o v a r i a n c e  m a t r i c e s  and c o n s e q u e n t l y  a l l o w s  p ro -  
p a g a t i o n  of t h e  c o v a r i a n c e  m a t r i c e s  of s t a t e  v e c t o r  e r r o r s  t h r o u g h  
b o t h  powered and c o a s t i n g  f l i g h t  m i s s i o n  p h a s e s .  It i n c l u d e s  
p r o v i s i o n s  f o r  i n c o r p o r a t i n g  s t a t e  v e c t o r  u p d a t e s  i n  a s t a t i s t i c a l  
s e n s e ,  d e t e r m i n i n g  t h e  e f f e c t s  o f  o f f -nomina l  v e n t i n g ,  d e t e r -  
min ing  midcour se  c o r r e c t i o n s  r e q u i r e d ,  and for d e t a i l e d  s t a t i s -  
t i c a l  a n a l y s i s  of c o v a r i a n c e  m a t r i c e s .  The l a t t e r  f u n c t i o n  
i s  used  t o  a n a l y z e  t h e  c o v a r i a n c e  m a t r i c e s  o f  midcour se  c o r r e c -  
t i o n s  r e q u i r e d  and p roduce  s i n g l e  v a r i a t e  d e s c r i p t i o n s  o f  t h e  
c o v a r i a n c e  m a t r i c e s  i n  term o f  t h e  magr,i tude o f  t h e  c o r r e c t i o n s  
f o r  v a r i o u s  v a l u e s  of p r o b a b i l i t y .  A d e t a i l e d  d e s c r i p t i o n  of 
SEAP i s  p r o v i d e d  i n  Refe rence  2 .  

The s t u d y  u t i l i z e d  two computer  programs deve loped  

The second program, known as t h e  P a r a m e t r i c  E r r o r  
A n a l y s i s  Program (PEAP) was d e s i g n e d  t o  i s o l a t e  t h e  c o n t r i b u t i o n s  
Of  i n d i v i d u a l  i ndependen t  e r r o r  s o u r c e s  t o  t h e  midcour se  AV 
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p e n a l t i e s .  PEAP d e t e r m i n e s  t h e  AV p e n a l t y  due t o  a n  e r r o r  
s o u r c e  p r e s e n t  i n  t h e  E a r t h  Launch phase  o n l y ,  t h e  T r a n s l u n a r  
I n j e c t i o n  phase  o n l y ,  and t h e  p e n a l t y  due t o  a n  e r r o r  s o u r c e  
p r e s e n t  i n  b o t h  p h a s e s .  A d e t a i l e d  d i s c u s s i o n  of  PEAP i s  
p r o v i d e d  i n  Refe rence  3.  

Both o f  t h e  above programs r e q u i r e  a c o n s i d e r a b l e  
volume o f  i n p u t  da t a .  
r a t i n g  t h i s  data  t o g e t h e r  w i t h  o t h e r  a s s u m p t i o n s  o f  t h e  s t u d y  
a re  d i s c u s s e d  i n  subsequen t  p a r a g r a p h s  o f  S e c t i o n  2 . 0 .  

The s o u r c e s  and /o r  t h e  methods of  gene- 

2 . 2  Powered F l i g h t  T r a n s i t i o n  M a t r i c e s  

A s e t  of  l i n e r i z e d  t r a n s i t i o n  m a t r i c e s ,  abou t  t h e  
r e f e r e n c e  t r a j e c t o r y ,  was g e n e r a t e d  f o r  b o t h  t h e  E a r t h  Launch 
and t h e  T r a n s l u n a r  I n j e c t i o n  powered f l i g h t  p h a s e s .  These  
t r a n s i t i o n  m a t r i c e s  r e l a t e  t h e  a c t u a l  ( r e a l  w o r l d )  e r r o r s  and 
t h e  u n c e r t a i n t i e s  i n  t h e  e r r o r s  which a r e  p r e s e n t  a t  a p r e -  
d e t e r m i n e d  t i m e  a f t e r  a maneuver t o  a c t u a l  e r r o r s  and un- 
c e r t a i n t i e s  which were p r e s e n t  b e f o r e  t h e  maneuver and t o  
v e h i c l e  pe r fo rmance  and sensimg e r r o r s  which o c c u r r e d  d u r i n g  
t h e  maneuver.  These mat r ices  were g e n e r a t e d  u s i n g  t h e  Bellcomm 
Powered F l i g h t  Per formance  S i m u l a t o r  ( d i s c u s s e d  i n  R e f e r e n c e  4 ) .  
These  t r a n s i t i o n  m a t r i c e s  a r e  based  on g u i d e d  r e f e r e n c e  t r a j e c -  
t o r i e s .  

The I G M  g u i d a n c e  e q u a t i o n s  used  f o r  t h e  T L I  maneuver 
a r e  t h o s e  a s s o c i a t e d  w i t h  t h e  H y p e r s u r f a c e  1 E q u a t i o n s  a s  de- 
f i n e d  i n  Refe rence  5 .  The g u i d a n c e  e q u a t i o n s  used  f o r  t h e  
E a r t h  Launch t o  E a r t h  Pa rk ing  O r b i t  I n s e r t i o n  Maneuver a r e  f rom 
t h e  AS-501 LVDC gu idance  e q u a t i o n  d e f i n i n g  document,  R e f e r e n c e  6 .  

A comparison o f  t h e  E a r t h  P a r k i n g  O r b i t  I n s e r t i o n  ( E P O I )  
u n c e r t a i n t y  c o v a r i a n c e  m a t r i x  was made w i t h  t h e  r e s u l t s  p u b l i s h e d  
by MSFC f o r  t h e  AS-501 m i s s i o n  ( R e f e r e n c e  7 . )  It was found t h a t  
t h e  r e s u l t s  were i n  r e a s o n a b l e  ag reemen t .  

2 . 3  C o a s t i n g  F l i g h t  T r a n s i t i o n  M a t r i c e s  

The c o a s t i n g  f l i g h t  t r a n s i t i o n  m a t r i c e s ,  which r e l a t e  
e r r o r s  a t  a s p e c i f i e d  t ime  t o  e r ’ rors  which e x i s t e d  a t  a p r e v i o u s  
t i m e ,  were g e n e r a t e d  u s i n g  t h e  Bellcomm Apol lo  S i m u l a t i o n  Program 
(BCMASP) ( R e f e r e n c e  8 ) .  The t r a n s i t i o n  m a t r i c e s  were deve loped  
by f i r s t  e s t a b l i s h i n g  t h e  i n t e g r a t e d  t r a j e c t o r y  c o n n e c t i n g  two 
p r i n c i p a l  e v e n t s ,  and t h e n  p e r t u r b i n g  e a c h  component o f  t h e  i n i t i a l  
s t a t e  v e c t o r .  These p e r t u r b e d  i n i t i a l  s t a t e  v e c t o r s  were t h e n  
i n t e g r a t e d  t o  t h e  r e f e r e n c e  t i m e  o f  t h e  second  e v e n t .  The d i f f e r -  
e n c e s  from t h e  r e f e r e n c e  s t a t e  v e c t o r  a t  t h e  second e v e n t  were 
d e t e r m i n e d  and t h e n  no rma l i zed .  A t e s t  was made t o  i n s u r e  t h a t  
o n l y  t h e  l i n e a r  terms were i n c l u d e d  i n  t h e  t r a n s i t i o n  m a t r i c e s .  
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2 . 4  N a v i g a t i o n  Updates  

S e v e r a l  methods o f  u p d a t i n g  t h e  s t a t e  v e c t o r  d u r i n g  
E a r t h  P a r k i n g  O r b i t  were s t u d i e d .  These were:  

1. 

2 .  

3. 

4 .  

5 .  

6. 

f o r  t h e  

No n a v i g a t i o n  update  a t  a l l ,  

a p e r f e c t  s t a g e  v e c t o r  u p d a t e ,  

an  u p d a t e  u s i n g  t r a c k i n g  i n f o r m a t i o n  from a s i n g l e  
ground s t a t i o n  w i t h  a two minute  t r a c k i n g  a r c ,  

an  upda te  u s i n g  t r a c k i n g  i n f o r m a t i o n  from a s i n g l e  
grcun.d s t a t i o n  w i t h  a f o u r  minute  t r a c k i n g  a r c ,  

an  upda.te u s i n g  t r a c k i n g  i n f o r n a t i o n  from two ground 
s t a t i o n s  u s i n g  t h e i r  e n t i r e  t r a c k i n g  a r c s ,  

an  u p d a t e  u s i n g  coKhining t h e  t r a c k i n g  i n f o r n a t i o n  
i n  c a s e s  3 ,  4 ,  5 ,  and 6 above ,  w i t h  t h e  on-board 
a p r i o r i  e s t i m a t e  of t h e  s t a t e  v e c t o r .  

I n  o r d e r  t o  allow t i m e  t o  p r e p a r e  t h e  s p a c e  v e h i c l e  
T L I  maneuver,  i t  was assumed t h a t  t h e  n a v i g a t i o n  u p d a t e  

would o c c u r  f o r t y - f i v e  minutes  p r i o r  t o  nominal  T L I  e n g i n e  i g n i t i o n .  
The t r a c k i n g  s t a t i o n s  u s e d  were t h e  l a s t  one ,  two, or e i g h t  
s t a t i o n s  which h a d  v i s i b i l i t y  a t  l e a s t  f o r t y - f i v e  minut.es b e f o r e  
T L I  i g n i t i o n .  
s t a t i o n  w i t h  v i s b i l i t y  was Ascens ion .  

Cn t h e  r e f e r e n c e  t r a j e c t o r y  c o n s i d e r e d ,  t h e  l a s t  

The t r a c k i n g  c o v a r i a n c e  m a t r i c e s  used  were g e n e r a t e d  
u s i n g  t h e  Bellcomm Trackif ig  Ans lys l i s  Program (ECMTAP) ( R e f e r e n c e  9). 
The i n p u t  da ta  used  t o  r e p r e s e n t  t h e  radar; e r r o r  model and sampl ing  
r a t e s  were e x t r a c t e d  from t h e  A K K G  document ( R e f e r e n c e  10). The 
t r a c k i n g  data  was g e n e r a t e d  w i t h o u t  t h e  e f f e c t s  o f  o f f '  nominal  
v e n t i n g  i n  E a r t h  P a r k i n g  O r b i t .  Consequen t ly ,  t h e  t r a c k i n g  da ta  
used was b e t t e r  t h a n  t h a t  w h i c h  would e x i s t  d u r i n g  a n  a c t u a l  m i s s i o n  
and t h e  r e s u l t i n g  midcourse  c o r r e c t i o n  p e n a l t i e s  a r e  s m a l l e r .  The 
e f f e c t s  o f  o f f -nomina l  v e n t i n g  on t r a c k i n g  a c c u r a c y  i s  b e i n g  s t u d i e d .  

The p o r t i o n s  of  t h e  s t u d y  concerned  w i t h  i s o l a t i o n s  
t h e  e f f ' e c t s  cf  i n d i v i d u a l  hardware e r r o r  s o w c e s  c o n s i d e r e d  o n l y  
t h e  no upda te  and p e r f e c t  upda.te c a s e s .  
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2 . 5  Off-Nominal V e n t i n g  Model 

The v e n t i n g  model s i m u l a t e d  assumed t h a t  t h e  o f f -  
nominal  t h r u s t  was p e r p e n d i c u l a r  t o  t h e  p r e s e n t  p o s i t i o n  v e c t c r  
o f  t h e  v e h i c l e  and i n  t h e  p r e s e n t  o r b i t a l  p l a n e .  Tne s t a n d a r d  
d e v i a t i o n  o f  t h i s  of f -nominal  v e n t  was assumed t o  be a one pound 
c o n s t a n t  t h r u s t .  

2 . 6  I n e r t i a l  P l a t f o r m  Hardware Per formance  C h a r a c t e r i s t i c s  

The MSFC i n e r t i a l  p l a t f o r m  hardware e r r o r  c o e f f i c i e n t s  
u sed  i n  t h i s  s t u d y  t c  model per formance  e r r o r s  a r e  g i v e n  i n  
Referef ice  11. The e r r o r  c o e f f i c i e n t s  d e f i n e d  i n  R e f e r e n c e  11 
d i f f e r  from t h o s e  used i n  MSFC i n  R e f e r e n c e  7 ( i . e . ,  Guidance 
Error A n a l y s i s  for S a t u r n  V ,  AS-501) i n  t h e  t e r m s  a s s o c i a t e d  
w i t h  i n i t i a l  p l a t f o r n  misa l ignmen t s  and f o r  a c c e l e r o m e t e r  m i s -  
a l i g n m e n t s .  The r e m a i n i n g  t e rms ,  t h o s e  a s s o c i a t e d  w i t h  gyro  
and a c c e l e r o m e t e r  per formance ,  a r e  t h e  same. 

2 . 7  V e h i c l e  P r o p u l s i o n  System Performance C h a r a c t e r i s t i c s  

The l aunch  v e h i c l e  p r c p u l s i . c n  s y s t e m  p e r f o r r a r i c e  
c h a r a c t e r i s t i c s  and t h e i r  one sigma v a l u e s  c o n s i d e r e d  d u r i n g  
t h e  E G F I  and T L I  n;aneuvers are a s  f o l l o w s :  

1. SIC s t a g e  

a )  0.235 p e r c e n t  t h r u s t  d e v i a t i o n  w i t h  a nominal  I . 
b )  0 . 1 4 1  p e r c e n t  I d e v i a t i o n  w i t h  a noniinal t h r u s t .  

c )  a non-norrinal p r o p e l l a n t  l o a d i n g  o f  560 s l u g s .  

SP 

SP 

2 .  S - I 1  s t a g e  

a )  0 . 4 5  p e r c e n t  t h r u s t  d e v i a t i o n  w i t h  a nominal  I . 
b )  0 . 1 . h l  p e r c e n t  I d e v i a t i o n  w i t h  a n o n i n a l  t h r u s t .  

c )  a nGn-ncninal  p r o p e l l a n t  l o a d i n g  o f  72  s l u g s .  

SP 

SP 

3. S-IVB s t a g e  ( f i r s t  and second i g n i t i o n s )  

a )  1 . 0  p e r c e n t  t h r u s t  d e v i a t i o n  w i t h  a noniinal I . 
b )  . 333  p e r c e n t  I d e v i a t i o n  w i t h  a nominal  t h r u s t .  

SP 

SP 
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c )  a non-nominal mass o f  37 and 88 s l u g s ,  r e s p e c -  
t i v e l y .  

d )  a t i n i n g  e r r o r  of  0 . 0 1  s econds  f o r  t h e  second  
S-IVB i g n i t i o n .  

e )  a t i r - i n g  e r r o r  o f  0 . 0 1 4 1 4  seconds  f o r  t h e  T L I  
ezgine shutdcwn. 

The c o r r e l a t i o n  o f  t h e s e  p a r a m e t e r s  between E P O I  and  T L I  was 
n o t  c o n s i d e r e d .  

Even thcugh  t h e  p r o p b l s i o n  s y s t e x  e r r o r s  a r e  ma jo r  
c o n t r i b u t o r s  t o  t h e  s t a t e  v e c t o r  d e v i a t i o n s  a t  EOPI  and T L I ,  i t  
w i l l  be shown i n  S e c t i o n  3.5 t h a t  t h o s e  e m o r s  a r e  o n l y  v e r y  minor  
c o n t r i b u t o r s  t o  t h e  midcourse ( w i t h  t h e  e x c e p t i o n  o f  t h e  e n g i c e  
shutdown t i m i n g  e r r o r  a t  T L I )  c o r r e c t i o n  AV r e q u i r e m e n t s .  The 
p r o p u l s i o n  sys t em e r r c r  SoLirces l e a d  t o  s e n s e d  d e v i a t i o n s  and t h e  
gu idance  sys t em i s  a b l e  t o  compensate f o r  them j u r i n g  t h e  b u r n .  
T h i s  l e a d s  t o  c o r r e l a t i c n s  i n  t h e  d e v i a t i o n s  such  t h a t  t h e  mid- 
c o u r s e  p e n a l t i e s  a r e  small .  F o r  t h i s  r e a s o n ,  a ccmple t e  m c d e l i x  
cf e r r o r  s o w c e s  a s s o c i a t e d  w i t h  t h e  p r c p u l s i o n  s y s t e m  was n o t  
rrlade . 
2 . 8  Launch S i t e  P o s i t i o n  U n c e r t a i n t i e s  Modeled - 

The l aunch  s i t e  p c s i t i c n  u n c e r t a i n t i t e s  i n c l u d e d  i n  
t h . i s  i n v e s t i g a t i o n  were 20 f e e t  ( l a )  i n  t h e  v e r t i c a l  d i r e c t i o n ,  
200  f e e t  ( l a )  i n  b o t h  t h e  ou t - c f - the  d e s i r e d  E a r t h  o r b i t a l  p l a n e  
and i n  t h e  d0wnra.ng.e d i y e c t i o n .  These u n c e r t a i n t i e s  were corl- 
s i d e r e d  t o  be s t a . t i s t i c a l l y  u n c o r r e l a t e d  a t  t h e  l aunch  pad .  

2 . 9  Midcourse C o r y e c t i o n  C r i t e r i a  

The f i r s t  midcourse c o r r e c t i o n  was made a t  f i v e  h o u r s  
p a s t  ncmir,al T L I  and was d e s i g n e d  t o  a c h i e v e  t h e  r e f e r e n c e  t r a j e c t o r y  
p e r i l u n e  p o s i t i o n  v e c t o r  a t  t h e  t i n e  o f  r e f e r e n c e  t r a j e c t o r y  p e r i -  
l u n e .  

The second midcourse c e r r e c t i o n  was made a t  t h e  t i m e  o f  
t h e  r e f e r e n c e  t r a j e c t c r y  p e r i l u n e  and was d e s i g n e e  t o  n u l l  t h e  
v e l o c i t y  e r r o r s  e x i s t i n g  a t  t h a t  p o i n t .  

P e r f e c t  t r a n s l u n a r  n a v i g a t i o n  was a s s u m e d  and no e x e c u t i o n  
e r r o r s  were mo0el.ed f o r  t h e  midcobrse  maneuvers .  
t h e  p o s i t i o n  e r r o r s  a t  t h e  second c o r r e c t i c n  p o i n t  were z e r o .  

a s e p a r a t e  maneuver a t  all. R a t h e r ,  i t  s i m p l y  p r o v i d e s  a measure 
of t h e  v e l o c i t y  e r r o r s  e x i s t i n g  a t  p e r i l u n e .  
d u r i n g  t h e  Lunar  O r b i t  I n s e r t i c n  rrlaneuver t o  c o n p e n s a t e  f o r  t h e  

i s  e s p e c i a l l y  t r u e  because  t h e  dominant v e l o c i t y  e r m r s  a t  p e r i l u n e  
a r e  i n  t h e  out-of-pla ,ne d i r e c t i o n  - 1 . e .  az imuth  e r r o r s  a t  p e r i l u n e .  

Consequen t ly ,  

The second c o r r e c t i o n  s h o u l d  n o t ,  o f  c o u r s e ,  be c o n s i d e r e d  

T h e  e x c e s s  AV r e q u i r e d  

e r r o r s  i s  somewhat s m a l l e r  t h a r  t h e  I 1  c o r r e c t i o n s "  c a l c u l a t e d .  T h i s  
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Such e r r o r s  c o s t  ve ry  l i t t l e  when combined i n  a r o o t  sum s q u a r e  
s e n s e  w i t h  t h e  l a r g e  i r i  p l a n e  AV r e q u i r e d  i n  t h e  LO1 n a n e u v e r .  

3.0 - DISCUSSION CF STATISTICAL RESULTS 

Tab le  1 p r e s e n t s  t h e  p e r t i n e n t  d a t s  abou t  t h e  s t a t i s -  
t i c s  o f  t h e  midcou.rse A V ’ s  which were r e q u i r e d  f o r  each  o f  t h e  
SEAP r u n s  made. The d a t a  i n  T a b l e  1 r e p r e s e n t  t h e  99.73% p<; i r l t s  
o f  t h e  d i s t r i b u t i o n s  of t h e  magnitude o f  t h e  r e q u i r e d  f i r s t  and  
second midcourse  c o r r e c t i o n s .  Note t h a t  t h e  numbers p re se r , t ed  
i n  T a b l e  1 r e p r e s e n t  t h e  s t a t i s t i c s  o f  t h e  midcourse  AV r e q u i r e d  
t o  c o r r e c t  for a c t u a l  d e v i a t i o n s  from t h e  nominal  T r a n s l u n a r  
I n j e c t i o n .  

F o r  p u r p o s e s  of  b r e v i t y ,  a s p e c i f i c  form o f  n o t a t i o n  
w i l l  be  used i n  t h i s  s e c t i o n  when d i s c m s i n g  t.he v a l u e s  o f  t h e  
midcourse  c o r r ’ e c t i o n s .  They  a r e  e x p r e s s e d  a,s t h e  magni tudes  
of t h e  f i .rst  midcourse  c o r r e c t i o n  fol l -oweb b y  t h e  magnitude of 
+L bile s e c ~ n d .  a.rL6 s e p a r a t e d  b y  z s l a s h ,  e . g .  , L ’ O . O i 5 . 0  f p s .  

It i s  p o s s i b l e  t o  b r c a k  up t h e  midcourse  c o r r e c t i o n  
magni tudes  i r i t o  magni tudes  due t o  s E v e r a l  f a c t o r s .  The s e t  
o f  f a c t o r s  c o n s i d e r e d  i n  t h i s  memorandum are: 

4 aa 

4 uu 

t T L 1  

t a u  

L p  

UP 

Ven t ing  

t h e  cova.r iance m a t r i x  o f  a c t u a l  d e v i a t i o n s  a t  
E a r t h  Parkirig O r b i t  I n s e r t i o n  

t h e  c o v a r i a n c e  n i a t r i x  o f  u n c e r t a i n t i e s  i n  t h e  
d e v i a t i o n s  a t  E a r t h  P a r k i n g  O r b i t  I n s e r t i c r ,  

t h e  p e r f o r n a n c e  e r r o r s  i n  t h e  T r a n s l u n a r  I n j e c -  
t i o n  maneuver 

$he m a t r i x  exprc s s i n g  t h e  c o r r e l a t i o n  between 
arid $ a t  E P O I  t aa  uu 

t h e  m a t r i x  e x p r e s s i n g  t h e  c o r r e l a t i o n  betweeri 
t h e  performance errors i n  TLI and t h e  a c t u a l  
d e v i a t i - c n s  at E P O I  

t h e  r r a t r i x  e x p r e s s i n g  t h e  c o r r e l a t i o n  betweer, 
per formanee  e r r o r s  i n  T L I  and t h e  m c e r t a i . n -  
t i e s  i n  t h e  d e v i a t i c n s  et E F O I  

t h e  e f f e c t s  o f  o f f -nomina l  LE* v e n t i n g  i n  
E a r t h  Pa rk ing  O r b i t  
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N a v i g a t i o n  - t h e  e f f e c t s  o f  t h e  E a r t h  P a r k i n g  O r b i t  
Nav iga t ion  u p d a t e  t e c h n i q u e .  

It  w a s  n o t e d  t h a t  t h e s e  v a r i o u s  f a c t o r s  ( e x c l u d i n g  
n a v i g a t i o n )  a.re r e l a t i v e l y  independerl t  o f  e a c h  o t h e r  and t h e  
c o n t r i b u t i o n s  due t o  each  may be combineci i n  a r o o t  sum s q u a r e  
s e n s e  t o  produce  t h e  combined e f f e c t s  c f  t h e  c o n t r i b u t o r s .  The 
c o n t r i b u t i o n s  of $uu ,  $au ,  &up,  $ap  a n d  v e n t i n g  a r e  dependent  on 
t h e  t y p e  of' n a v i g a t i o n  update  employed hcwever .  

T a b l e  2 p r e s e n t s  a l i s t  o f  t h e  SEAP r u n s  and i n d i c a t e s  
which o f  t h e  above f a c t o r s  were c o n t r i b u t o r s  t o  t h e  r e s u l t s  f G r  
t h a t  r u n .  

The C o n t r i b u t i o n s  o f  t h e s e  f a c t o r s  and t h e  combifieG 
r e s u l t s  a re  d i s c u s s e d  i n  t h e  f o l l o w i n g  s u b s e c t i o n s .  

3.1 B a s i c  €?esu l t s  

With n o  n a v i g a t i o n  u p d a t e  t h e  r e q u i p e d  midcourse  
c o r r e c t i o n  c o n s i d e r i n g  a l l  f a c t o r s  was 3l.76/4.10 f p s  ( r u n  2 ) .  
With a p e r f e c t  upda te  45 minutes  p r i c r  t c  TLI, t h e  r e q u i r e d  c o r -  
r e c t i o n  was 21.22/4.31 f p s  (run h ) .  These nunibers e s s e n t i a l l y  
e s t s b l i s h  t h e  bounds i n  terris c f  rr,aking a. d e c i s i o n  a s  t o  whe the r  
em u p d a t e  i s  d e s i r a b l e .  C e r t a i n l y  a n y  u p c a t e  scherr,e which r e -  
s u l t s  i n  midcou.rse c o r r e c t i o n s  l a r g e r  t h a n  t h e  no upda te  c a s e  
would b e  u n a c c e p t a b l e .  

3 . 2  E f f e c t s  o f  Update SchemeE 

When a a t a  o b t a i n e d  frorr, 2 mirlutes o f  t r a c k i n g  by  a 
s i n g l e  s t a t i o n  VJES used t o  upaa te  the v e h i c l e  s t a t e  vector, t h e  
r e q u i r e d  ni idcourse c o r r e c t i o n  i n c r e a s e d  t o  5 € .  71/15.69 f p s  ( r u n  
6 ) .  T h i s  i s  c o n s i d e r a b l y  h i g h e r  t h a n  t h e  midcourse  r e q u i r e d  i n  
t h e  rio upda te  c a s e .  When the  same t r a c k i n g  da ta  i s  combined i n  
ar, Gptirium f a s h i o n  w i t h  a p r i c r i  da ta  t o  p r o v i d e  t h e  u p d a t e ,  
t h e  r e s u l t a n t  midcourse  r equ i r emen t  was 22.4w4.46 f p s  ( r u n  8 ) .  

T h i s  i s  very  n e a r l y  as gcod a s  t h e  p e r f e c t  upda te  c a s e .  Thus,  
t h e  two minute  t r a c k i n g  a r c  i s  a d e q u a t e  i f  t h e  da ta  i s  o p t i -  
m a l l y  combined w i t h  a p r i o r i  d a t a  b u t  t h e  t r a c k i n g  da ta  a l o n e  
s h o u l d  n e t  b e  u sed .  
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When t h e  s i r l g l e  s t a t i o n  t r ac l t i r l g  a r c  i s  i n c r e a s e 6  t o  
f o u r  minu tes  , t h e  r e q u i r e d  midcourse was d e c r e a s e d  to 31.58/15 .57  
f p s  u s i n g  t r a c k i n g  da ta  a l o n e  ( r u n  1 3 ) .  T h i s  i s  a l r o s t  e q u i v a l e n t  
t o  t h e  n o  upda te  c a s e  ( r u n  2 )  e x c e p t  t h a t  t h e  2nd c o r r e c t i o n  
i s  up c o n s i d e r a b l y .  Using t r a c k i n g  d a t a  on ly  frcm two s t a t i o n s  
arld 8 s t a t i o n s  r e s u l t e d  i n  midccurse  A V ' S  o f  25 .60/4 .45  f p s  mcl 
21.30/11.32 f p s ,  r e s p e c t i v e l y  ( ru r ; s  15 and 1 7 ) .  Combining t h e  
t r a c k i n g  d a t a  i n  t h e s e  c a s e s  w i t h  a p r i o r i  data  r e s u l t e d  i n  
midcourse  r e q u i r e m e n t s  which were v i r t u a l l y  i d e n t i c a l -  t o  t h e  
p e r f e c t  upda te  c a s e .  With t w G  s t a t i o n s  o r  e i g h t  s t a t i o n s ,  t h e  
t r a c k i r - g  d a t a  a l o n e  i s  a d e q u a t e .  

One ve ry  i n t e r e s t i n g  p o i n t  which i s  b rough t  o u t  b y  a 
compar ison  o f  t h e  r e s u l t s  f r o m  r u n s  1.7 and 1.6 ( 8  s t a t i o n s ,  t r z c k -  
i.ng data  upda te  arid cptimuni u p d a t e ,  r e s p e c t i v e l y )  i s  t h a t  h e r e  i s  
a c a s e  where a.n optirclal update  i n  Earth F a r k i n g  O r b i t  c o s t  more 
midcourse  OV t h a n  d id .  a t r a c k i n g  da t a  on1.y upd-ate .  The i d e n t i -  
c a l  t r a c k i r g  c c v a r i a n c e  m a t r i x  was used  i n  b o t h  r u n s .  The cyi- 
t e r i a  for ~ p t i m a l - i t y  of  an o p t i m a l  upda te  i s  t h a t  t h e  s i l m  o f  
t h e  e i g e n v a l u e s  o f  t h e  r e s u l t a n t  c o v a r i a n c e  m.atr ix  be minimized.. 
T h i , s  meixis t h a t  t h e  u n c e r t a i n t y ,  a t  t .he u p d r t e  p o i n t ,  i s  mini -  
mized .  I t  does  n o t  near1 t h a t  ar,y o t h e r  c c s t  f u n c t i o n  i e  neccs -  
s a r i l y  miriirr,ized. I n  t h i s  p a r t i c u l . a r  c a s e ,  a f t e r  t h e  o p t i r . a l  
ixpaa.te, t h e  r e m a i n i n g  co r? re l z . t i cns  between t h e  u n c e r t a i n t i e s  and 
a c t u a l  d - e v i a t i o n s  arid betweer; t h .e  u n c e r t a i n t i e s  and t h e  p e f o r -  
marice p a r a m e t e r s  wa.s such  t h a t  t h e  midcourse  c o r r e c t i o n  c o s t  
( o r  p e r 1 a 1 . t ~ )  was s l i g h t l y  g r e a t e r  t h a n  when u s i n g  j u s t  t h e  t r a c k -  
i n g  data a l o n e  f o r  t h e  upda te .  T h i s  was ari i n t e r e s t i n g ,  thcugh 
n c t  t c o  d r a m a t i c  r e s u l t .  It  does  s e r v e  t o  poir i t  c u t  t h a t  c a r e  
s h o u l d  be t ,aken t o  d e f i n e  i n  what s e n s e  a s y s t e n  i s  o p t i m a l .  

3 . 3  E f f e c t s  c f  Ver:t ing 

Wi th  no t r a c k i n g  update  t h e  v e n t i n g  u n c e r t a i n t y  c o n t r i -  
b u t e d  abou t  19.21/1.79 f p s  ( r u n s  1 and 2 ) .  With a p e r f e c t  up- 
d a t e ,  t h e  off-noniilzal vent i r ,g  c o n t r 4 i b u t i o n  was abou t  2 .20/ .34  
f p s  (rm?s 3 and 4 ) .  I n  t h e  p e r f e c t  upda te  c a s e ,  o n l y  45 rr.inutes 
cf  v e n t i n g  i s  i p c l u d e d  i n  t h e  u n c e r t a i n t i e s  a t  t h e  begi r ln ing  o f  
T L I ,  whereas  a lmos t  3 h o u r s  of vept i r ig  u r i c e r t a i n t y  i s  p r e s e n t  
i n  t h e  r1o u p d a t e  c a s e .  The a c t u a l  d e v i a t i o n s  a re  a f f e c t e d  e q u a l l y  
i n  b c t h  cz , ses ,  b u t  a s  w i l l  be d i s c u s s e d  i n  s u b s e c t i o n  3 . 5 ,  t h e  
actkLals have l i t t l e  e f f e c t .  The v e n t i n g  c o r , t , r i b u t i o n  v z r i e d  
between t h e s e  two ext remes  f o r  t h e  o t h e r  upda te  r e t h o d s .  

3 .4  Ef f e e t  s of Powered F l i g h t  Ivlaneuvers - 

The i n d i v i d u a l  c o n t r i b u t i o n  c f  t h e  E O P I  n;aneLver i s  
s e e n  i n  t h e  r e s u l t s  of r u n  12 which i n v o l v e d  no T L I  perfcrmarice 
e r r o r s ,  no upda te  and no v e n t i n g .  The midcourse  p e r a l t y  due t o  
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E F C I  per$formance e r r o r s  a l o n e  was 2 6 . l 9 / 2 . 1 1  f p s .  The c o n t r i -  
b u t i o n  o f  t h e  T L I  performance e r r o r s  i s  s e e n  ir! rLn 9 which 
i r ivo lved  a p e r f e c t  E O F I  naneuver  and n~ v e n t i n g .  The midcour se  
p e n h l t y  aue  t o  T L I  a l c n e  was 2 1 . 0 9 / 3 . 8 8  f p s .  These f i g u r e s  a r e  
t r a j e c t o r y  depenGent s i n c e  t h e  dominant errors a r e  caused  b y  
hardware p e r f c r m a r x e  c h a r h c t r i s t i c s  which i n  t u r n  a r e  d e p e r d e n t  
on t h e  t i m e  s p e n t  j n  E a r t h  Pa rk ing  O r b i t  ana  b y  p l z t f o r r n  o r i e n -  
t a t i o n  d w i n g  t h e  T'LI maneuver. T h i s  a r e a  w i l l  b e  d i s c u s s c d  
f u r t h e r  i n  S e c t i o n  4 . 0 .  

3.5 E f f e c t s  of A c t u a l s  V S .  U n c e r t a i n t i e s  a t  E P O I  - -- 
The e f f e c t s  o f  $,, a r e  isol .a . ted i n  ru .n  1G and a re  s e e n  

t o  be .263/1.36 f p s .  
and are 2 6 . 2 9 / 2 . 4 1  f p s .  tUu i s  s e e n  t o  be t h e  ma jo r  c c n t r i . b u t o r  
t o  t h e  mid.cou.rse p e n a l t y  whereas  
The T L I  marleuver e s s e n t i a l l y  reFc!ves any known e r r o r s  b u t  c8.n do 
n o t h i n g  t o  c o r r e c t  f o r  t h e  m c e r t a . i n t i . e s .  T h i s  r e s u l t  demorl- 
s t r a t e s  t h e  fact t h e t  i f  d e v i a t i o n s  a r e  s e n s e d  b e f o r e  t h e  T L I  
mar.euver, t h e  gu idance  sys tem compensates  f o r  them e x t r e m e l y  
w e l l .  The removal  o f  t h e s e  known d e v i a t i o n s  d.oes. r e s u l t  i r ?  a 
f u e l  p e n a l t y  f o r  t h e  S-IVE d u r i n g  t h e  T L I  rnaneuver. It  i s  
i n t e r e s t i n g  t o  n o t e  t ha t  t h e  RSS combined e f f e c t s  o f  taa and 
S U u  c?.ces n o t  equal  t h e  midcourse p e r i a 1 . t ~  due t o  ~ 1 . 1  E F O I  e f f e c t s  
( S e c t i . o n  3 . 4 ) .  

taa a.nd 

The e f f e c t s  o f  $uu  a r e  i s o l a t e d .  i n  r u n  11 

i s  a very  minor  c o n t r i b G t o r .  Saa 

T h i s  i s  caused b y  t a u ,  t h e  c o r r e l . a t i c ; n  t e t w e e n  
m a  i s  d j scussed .  i n  Sect i .cr ,  3.6. 

U U  

The e f f e c t s  c f  t h e  I , ,  f ' a c t c r  a r e  knowri t c  be t r a j e c -  
tory' s e n s i t i v e  t o  some e x t e r L t ,  s i r lee  i t s  prcpagat , io r i  i s  deperidefit 
or. t h e  s p e n t  i n  E a r t h  Fa rk ing  C r b i t  . 
3.6 E f f e c t s  o f  C o r r e l h t i o n  -_ 

The e f f e c t  o f  t au ,  t h e  n i a t r i x  w h i c h  e x p r e s s e s  t h e  c o r -  
r e l a t i c n  betheer ,  $,, and t u u  &t E P C I  was most i n t e r e s t i n g .  
v a l u e s  a s s o c i a t e d  w i t h  tliis f a c t c j r  may be  d e r i v e d  from r u n s  
11 and 13 .  

minus s i g n  r e f e r s  t o  t h e  f a c t  t h a t  t h e  s q u a r e  c f  t h e  magnitude 
b e a r s  a minus s i g n  when ccmbining t h i s  CGRtTibUtion w i t h  o t h e r s  
i n  a r o o t  s u m  s q u a r e  s e n s e .  Account ing  for t h e  c o r r e l a t i o n  be- 
tween $,, and tUu d e c r e a s e s  both  t h e  f i r s t  midcoLirse arid t h e  

second  rr2dcouree r e q u i r e a e n t s  due t o  $ and B U u .  The c o f i t r i -  aa 
b u t i m  o f  I,, i s ,  t o  some e x t e n t ,  t r a j e c t o r y  dependen t ,  and w i l l  
be t h e  s u b j e c t  of' f u r t h e r  i n v e s t i g a t i o n .  

The 

1 0 ,  
The c o n t r i b u t i c n  Gf Sau  i s  - 2 . 4 6 / - 2 . 0 6  f p s ,  where t h e  
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The c o n t r i b u t i . o n  of $ t h e  c o r > r e l a t i o n  between p e r -  ap  ' 
forrriarLce e r r o r s  i n  T L I  and a.ctuz,l d e v i a t i o n s  p r i o r  t o  TL.1, was 
S.72/?.08 f r s .  The v a l u e s  a s s c c i h t e d  w i t h  th is  f a c t o r  were 
d e r i v e u  frcrr, r u n s  3 ,  9 and 16. 

The c o n t r i b u t i o n  of 4 t h e  c o r r e l a t i o n  betweerl t h e  up ' 
per fo rmance  e r ' r o r s  i n  TLI 2nd t h e  s t a t e  v e c t o r  uncer ' ta i r ; t i .cs  
p r i G r  t o  T L I ,  was -22.26/-3.29 f p s .  The v a l b e s  a s s o c i a t e a  w i t h  
t h i s  f a c t c r  were c ' e r ived  from r u n s  1 ,  3 ,  1 0  arid 1 2 .  

The c o r > r ~ e l a t i o n s  e x i s t  because  t h e  same i n e r t i a l  
pla . t f 'orn:  i s  used  f o r  b o t h  t h e  ECIPI and. the  T L I  marieuvers. Sub- 
sequerl t  stu6.l.es m e  expecteG t o  demor,stra. te th-e c o n t r i b u t i . o n s  

t o r y  s t u d i e d  p l a c e d  t h e  T L I  maneuver ver+y n e a r l y  Gver t h e  E s r t i - ,  
1hLirich s i t e .  S e p a r a t i r l g  t h e  mameuvers by  90 or 18G degrees  is 
c 7-n and $ c o r i t r i b G t i o n s  s i g n i f i c a n t . 1 . y .  GApected t o  change t h e  tEU,  

and $ a r e  h i g h l y  t r a j e c t o r y  dependen t .  The t r z j e c -  
of  t a u ,  Bap U P  

b p  U P  

The n e t  c o n t r i b u t i o n  o f  t h e s e  c o r r e l a t i o n  terms i s  
-21.64/-2.94 f'ps i n d i c a t i n g  t h a t  t hey  carice]. o u t  mLLck- o f  t h e  
e f f e c t s  o f  t h e  e r l t i r e  EPOI maneuver f o r  t h i s  r e f e r e n c e  t r a j e c -  
t o r y .  

E f f e c t s  cf' Launch S i t e  Fcs l t i c ln  U n c e r t a i n t i e s  -- 3 . 7  _--__ -___ 
The e f f e c t s  c f  t ,he  l a u n c h  s i t e  p o s i t i o n  u r L c e r t a i n t i e s  

were i s o l a t e d .  These e f f e c t . s  were i n c l u d e 6  i n  t h e  p r e v i o u s  d i s -  
cus s i -on  o f  EFOI e f f e c t s  a n d  car; be looked a t  as j u s t  a s u b s e t  
o f  t h e  t o t a l  c o n t r i b u t o r s  t o  th .e  $ u u  e f f e c t s  (rui? 1.1). 
cGnt ra ibu t ion  of t he  1.a"unch s i t .e  p o s i t i o n  u n c e r t 2 i n t i s . s  (as def ined .  
i n  s e c t i o n  2 . 8 )  was 3.60/.284 f p s .  T h I s  i s  a s u r p r i s i n g l y  l a r g e  
miC.course p e n a l t y  f'cr such  r e l a t i v e l y  small u n c e r t . a i n t i e s  a t  tke 
l a u n c h  p a d ,  and i n d i c a t e s  t h a t  t h e y  s h o u l d  n o t  b e  n e g l e c t e d  i n  
e r r o r i  a r2 lys i . s  s t u c i e s .  

The n e t  

4 . 0  DISCUSSION OF I N D I V I D U A L  ERROR SOURCE RESULTS 

T a b l e  3 c o n t a i n s  a l i s t  o f  t h e  hardware  and p r o p u l s i o n  
s y s t e m  e r r o r  s o u r c e s  t h a t  were modeled.  T a b l e  4 p r e s e n t s  t h e  
p e r t i n e n t  da ta  abou t  t h e  s t a t i s t i c s  o f  t h e  midcourse  A V ' s  which 
were r e q u i r e d  for e a c h  e r r o r  s o u r c e .  These numbers r e p r e s e n t  
t h e  l a ( 6 8 . 2 6 9 % )  p o i n t s  o f  t h e  i n d i v i d u a l  e r r o r  s o u r c e  d i s t r i b u -  
t i o n s  for b o t h  t h e  f i r s t  and second  midcourse  c o r r e c t i o n s .  The 
n o t a t i o n  used  ( e . g . ,  20.0/5.0 f p s )  i s  t h a t  d e f i n e d  i n  S e c t i o n  3 . 0 .  

T a b l ?  4 c o n t a i n s  d a t a  from f i v e  d i f f e r e n t  c a s e s .  These 
c a s e s  a re  as f o l l o w s :  

1. E P O I  a c t u a l  d e v i a t i o n s  and u n c e r t a i n t i e s  o n l y ,  w i t h  a 
p e r f e r c t  n a v i g a t i o n a l  u p d a t e  i n  E a r t h  P a r k i n g  O r b i t  
p r i o r  t o  a p e r f e c t  T L I .  
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2 .  EPOI  a c t u a l  d e v i a t i o n s  and u n c e r t a i n t i e s  o n l y ,  w i t h  
no  n a v i g a t i o n a l  update  i n  E a r t h  P a r k i n g  O r b i t  and 
w i t h  a p e r f e c t  T L I .  

3. TLI e r r o r s  o n l y .  The a c t u a l  d e v i a t i o n s  and  u n c e r t a i n -  
t i e s  p r i o r  to T L I  were z e r o .  

4 .  EPOI  a c t u a l  d e v i a t i o n s  and u n c e r t a i n t i e s ,  w i t h  a p e r f e c t  
n a v i g a t i o n a l  update  i n  E a r t h  P a r k i n g  O r b i t  p r i o r  t o  
a n o n - p e r f e c t  TLI. 

5 .  EPOI  a c t u a l  d e v i a t i o n s  and  u n c e r t a i n t i e s ,  w i t h  no 
n a v i g a t i o n a l  update  i n  E a r t h  P a r k i n g  O r b i t  and w i t h  
a n o n - p e r f e c t  T L I .  

The hardware  performance e r r o r  r e s u l t s  a r e  g i v e n  i n  
t h e  s t a n d a r d  c o o r d i n a t e  system 1 3  f o r  Launch V e h i c l e  N a v i g a t i o n  
as g i v e n  i n  Refe rence  1 2 .  

The e r r o r  s o u r c e s  which dominate  t h e  midcourse  AV 
p e n a l t y  have been  s e l e c t e d  from T a b l e  4 and form t h e  c o n t e n t s  
o f  T a b l e  5 .  The bas i s  of  s e l e c t i o n  was t h a t  a n  e r r o r  s o u r c e  
r e q u i r e d  g r e a t e r  t h a n  . 5  f p s  ( l a )  for t h e  f i r s t  midcourse  c o r -  
r e c t i o n .  Tab1.e 5 i n d i c a t e s  t h a t  13 o f  t h e  44 e r r o r  s o u r c e s  
modeled,  p l a y e d  a domlnant r o l e  i n  t h e  midcourse  AV p e n a l t y .  
The 1 3  e r r o r  s o u r c e s  c o n s i d e r e d  dominant a r e  t h e  1 2  i n  t h e  5 t h  
column o f  T a b l e  5 p l u s  G C D X  ( t h e  X g y r o  c o n s t a n t  d r i f t  t e rm)  
which i s  p r e s e n t  i n  t h e  second,  t h i r d  and f o u r t h  columns b u t  
n o t  i n  t h e  f i f t h  column. 

4 . 1  Dominant I n i t i a l  Misal ignment  E f f e c t s  

The o n l y  dominant i n i t i a l  mi sa l ignmen t  e r r o r  was 
INMISY which i s  an i n i t i a l  v e h i c l e  p i t c h  e r r o r .  T h i s  e r r o r  
s o u r c e  r e s u l t e d  i n  a l a  midcourse p e n a l t y  o f  1 .275/ .090  f p s  
f o r  t h e  E P O I  & T L I  w i t h  no update  c a s e .  T h i s  midcourse  AV 
p e n a l t y  was a lmos t  s o l e l y  due t o  per formance  d u r i n g  t h e  E O P I  
maneuver,  s o  t h a t  v a r y i n g  t h e  E a r t h  P a r k i n g  O r b i t  ( E P O )  s t a y  
t i m e  or h a v i n g  a r e a s o n a b l e  upda te  d u r i n g  EPO would m a t e r i a l l y  
e f f e c t  t h e s e  r e s u l t s .  

4.2 Dominant Gyro Error Source E f f e c t s  

The dominant  gyro e r r o r  s o u r c e s  were t h e  c o n s t a n t  
d r i f t  r a t e  o f  e a c h  o f  t h e  t h r e e  gyros (GCDX, GCDY, and  GCDZ) 
p l u s  t h e  gyro e r r o r s  s e n s i t i v e  to i n  p l a n e  a c c e l e r a t i o n ,  ( t h e  
X - Z  p l a n e  o f  t h e  p l a t f o r m ) .  
d r i f t  r a t e  e r r o r  s o u r c e s  a r e  GMUX, GDSAY, GEPTX, GEPTY. 

These a c c e l e r a t i o n  dependen t  
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A s  can  be s e e n  from t h e  r e s u l t s  i n  Tab le  4 ,  t h e  con- 
s t a n t  gy ro  d r i f t  e f f e c t s  were a p p r e c i a b l e  f o r  b o t h  t h e  E P O I  and 
T L I  maneuvers as w e l l  as when t h e y  were combined. T h i s  means 
t h a t  t h e s e  e f f e c t s  would n o t  b e  n e c e s s a r i l y  r educed  b y  an  up- 
d a t e  i n  EPO ( s e e  column 4 o f  T a b l e  4 ) .  I n  a d d i t i o n ,  t h e s e  
e f f e c t s  a r e  h i g h l y  EPO s t a y  t ime dependen t .  

The midcourse  AV p e n a l t i e s  a s s o c i a t e d  w i t h  t h e  a c c e l -  
e r a t i o n  dependen t  d r i f t  r a t e  terms was a l m o s t  s o l e l y  due t o  
per formance  d u r i n g  t h e  EPOI  maneuver,  s o  t h a t  v a r y i n g  t h e  EPO 
s t a y  t ime  or h a v i n g  a r e a s o n a b l e  u p d a t e  d u r i n g  EPO would 
m a t e r i a l l y  e f f e c t  t h e s e  r e s u l t s .  

4 .3  Dominant Acce le romete r  E r r o r  Source  E f f e c t s  

The dominant a c c e l e r o m e t e r  e r r o r  s o u r c e s  were t h e  
a l ignmen t  e r r o r  o f  t h e  X a c c e l e r o m e t e r  i n  t h e  X-Z p l a n e  (AMSXXX), 
a l i g n m e n t  e r r o r  o f  t h e  Z a c c e l e r o m e t e r  i n  t h e  X-Z p l a n e  ( A M S Z X Z ) ,  
c o n s t a n t  b i a s  o f  t h e  Z a c c e l e r o m e t e r ,  and t h e  s c a l e  f a c t o r  e r r o r  
o f  t h e  Z a c c e l e r o m e t e r .  

A s  can  be s e e n  by r e v i e w i n g  t h e  r e s u l t s  i n  T a b l e  4 f o r  
t h e s e  e r r o r  s o u r c e s ,  t h e  e r r o r s  i n c u r r e d  d u r i n g  t h e  EPOI  maneu- 
v e r  f o r  t h e s e  e r r o r  s o u r c e s  c o n t r i b u t e d  t o  t h e  m a j o r i t y  o f  t h e  
midcourse  AV p e n a l t i e s .  T h e r e f o r e ,  t h e s e  r e s u l t s  a r e  EPO s t a y  
t i m e  dependent  and a r e a s o n a b l e  u p d a t e  d u r i n g  EPO would t e n d  to 
m a t e r i a l l y  r educe  t h e  midcourse AV p e n a l t y .  

4 . 4  Dominant Timing Error E f f e c t s  

The dominant t i m i n g  e r r o r  e f f e c t  was caused  by  an  
e r r o r  i n  T L I  c u t o f f  t i m e  ( T I M C O U ) .  T h i s  e r r o r  s o u r c e  i n c l u d e s  
t h e  e f f e c t s  o f  t h r u s t  t a i l  o f f  u n c e r t a i n t y  p l u s  scheme e r r o r  i n  
d e t e r m i n i n g  t h e  c o r r e c t  c u t o f f  t i m e .  The midcourse  AV p e n a l t y  
f o r  a 1 4 . 1 4  m i l l i s e c o n d  t i m i n g  e r r o r  was 3.026/ .094 f p s .  T h i s  
e r r o r  s o u r c e  i s  s t r i c t l y  independen t  o f  EPO s t a y  t i m e  or u p d a t e .  
The h i g h  s e n s i t i v i t y  o f  t h i s  e r r o r  s o u r c e  t o  midcourse  AV p l a c e s  
i t  i n  t h e  c a t e g o r y  o f  s p e c i a l  c o n c e r n .  

4 .5  Dominant P r o p u l s i o n  and Mass P e r t u r b a t i o n  E f f e c t s  

The re  were no e r r o r  s o u r c e s  i n  t h i s  c a t e g o r y  which 
l e a d  t o  s i g n i f i c a n t  midcourse  AV p e n a l t i e s .  These e r r o r  s o u r c e s  
l e a d  t o  s e n s e d  d e v i a t i o n s  d u r i n g  a powered f l i g h t  maneuver and 
a r e  e f f e c t i v e l y  gu ided  o u t  ( s e e  S e c t i o n  3 . 5 ) .  



BELLCOMM. INC. - 14 - 

5.0  CONCLUSION 

The s t u d y  had demons t r a t ed  t h a t  f o r  t h e  t r a j e c t o r y  
s t u d i e d  and  w i t h  no s t a t e  v e c t o r  upda te ,  t h e  3 sigma magn i tudes  
o f  the  r e q u i r e d  midcourse  c o r r e c t i o n s  a r e  31.76 f p s  and  4.10 f p s  
f o r  t h e  f irst  and  second midcourses ,  r e s p e c t i v e l y .  These f i g -  
u r e s  do n o t  i n c l u d e  t h e  e f f e c t s  o f  t r a n s l u n a r  f l i g h t  n a v i g a t i o n  
e r r o r s ,  or midcourse  c o r r e c t i o n  per formance  e r r o r s .  If a p e r -  
f e c t  s t a t e  v e c t o r  upda te  i s  made 45 minu tes  p r i o r  t o  T r a n s l u n a r  
I n j e c t i o n ,  t h e  midcour se  p e n a l t i e s  a r e  r educed  to 21.22 f p s  and  
4.31 f p s ,  r e s p e c t i v e l y .  Updat ing  t he  s t a t e  v e c t o r  u s i n g  o n l y  
d a t a  from a s i n g l e  s t a t i o n  t r a c k i n g  f o r  two m i n u t e s  i s  worse 
t h a n  no upda te  a t  a l l .  Combining t h i s  t r a c k i n g  d a t a  o p t i m a l l y  
w i t h  a p r i o r i  d a t a  r e d u c e s  t h e  midcourse  p e n a l t i e s  t o  s l i g h t l y  
more t h a n  t h e  p e r f e c t  u p d a t e  v a l u e s .  Updat ing  t h e  s t a t e  v e c t o r  
w i t h  t r a c k i n g  d a t a  o n l y  from a s i n g l e  s t a t i o n  t r a c k i n g  f o r  f o u r  
m i n u t e s  r educes  t h e  f i rs t  midcourse p e n a l t y  to b e  s l i g h t l y  
b e t t e r  t h a n  t h e  no upda te  c a s e  b u t  t h e  second midcour se  p e n a l t y  
was s u b s t a n t i a l l y  i n c r e a s e d .  Updat ing  w i t h  o n l y  tracking d a t a  
from two or more s t a t i o n s  y i e l d s  r e s u l t s  n e a r  t h e  p e r f e c t  upda te  
c a s e .  

Ven t ing  u n c e r t a i n t y  caused  s i g n i f i c a n t  i n c r e a s e s  i n  
t h e  midcour se  p e n a l t i e s  when no upda te  i s  made (19.21 and 1.79 
f p s ) .  With a n  upda te ,  t h e  c o n t r i b u t i o n  o f  t h e  v e n t i n g  uncer -  
t a i n t y  i s  n e g l i g i b l e .  

The u n c e r t a i n t i e s  which e x i s t  a t  E a r t h  P a r k i n g  O r b i t  
I n s e r t i o n  were shown t o  b e  t h e  m a j o r  c o n t r i b u t o r s  to t h e  mid- 
c o u r s e  p e n a l t i e s  when no update  i s  made. The l aunch  s i t e  p o s i -  
t i o n  u n c e r t a i n t i e s  were shown to be a s i g n i f i c a n t  c o n t r i b u t o r  
t o  t h i s  midcourse  AV p e n a l t y .  I f  d e v i a t i o n s  a r e  known, t h e  TLI 
maneuver compensa tes  for t hem and t h e  r e s u l t i n g  midcourse  
p e n a l t i e s  due t o  EPOI d i s p e r s i o n s  a r e  q u i t e  s m a l l .  

The e f f e c t s  of c o r r e l a t i o n s  between t h e  v a r i o u s  e r r o r s  
were shown to b e  s i g n i f i c a n t  w i th  no upda te .  With a n  upda te  
u s i n g  r e a s o n a b l e  t r a c k i n g  d a t e ,  t h e  o n l y  s i g n i f i c a n t  c o n t r i b u t o r  
to t h e  midcourse  r e q u i r e m e n t s  was t h e  per formance  e r r o r s  i n  t h e  
T U  maneuver which amounted t o  21.09 and 3.88 f p s  f o r  t h e  two 
midcour ses ,  r e s p e c t i v e l y .  

The c o n t r i b u t i o n s  of the i n d i v i d u a l  e r r o r  s o u r c e s  t o  
t h e  midcour se  AV p e n a l t y  were s t u d i e d .  It was found t h a t  a m i n o r i t y  
o f  the e r r o r  s o u r c e s  (13 o u t  o f  t h e  44 c o n s i d e r e d )  cause  a lmos t  a l l  
O f  t h e  AV p e n a l t y .  G e n e r a l l y ,  these m a j o r  e r r o r  s o u r c e s  c o n s i s t e d  
O f  g y r o  and a c c e l e r o m e t e r  e r rors  l o c a t e d  i n  t h e  p l a n e  of f l i g h t  
and TLI e n g i n e  c u t o f f  t ime  u n c e r t a i n t y .  The dominant  s o u r c e s  a r e  
t a b u l a t e d  i n  Tab le  5. The h igh  s e n s i t i v i t y  o f  t h e  TLI  eng ine  c u t -  
o f f  t i m e  u n c e r t a i n t y  to midcourse  AV p l a c e s  i t  i n  a c a t e g o r y  o f  
s p e c i a l  conce rn .  
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The numerical values expressed a r e  somewhat t r a j e c -  
t o r y  dependent b u t  a r e  considered f a i r l y  t y p i c a l  of poss ib l e  
Apollo LOR missions.  The basic conclusions regarding updates, 
s i g n i f i c a n c e  of con t r ibu t ing  f ac to r s ,  e t c .  , a r e  not  t r a j e c t o r y  
dependent. 
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TABLE 3 

HARDWARE AND PROPULSION SYSTEM ERROR SOURCES I N C L U D E D  

I N  MODEL FOR THIS STUDY 

'' GMUX 1 Gyro A c c e l e r a t i o n  dependent  D r i f t  Rate caused  2 .  GMUY 
3.  GMUZ by  a c c e l e r a t i o n  a l o n g  t h e  i n p u t  a x i s .  

4 .  INMISX ) 
P l a t f o r m  i n i t i a l  mi sa l ignmen t .  

6 .  INMISZ 

7 .  ASFX 
8 .  ASFY ') Accelerometer  S c a l e  F a c t o r  E r r o r  
9. ASFZ J 

1 0 .  A C L I N X  '' 

11. A C L I N Y  ) Accelerometer  L i n e a r i t y  E r r o r  
1 2 .  A C L I N Z  

13 .  AMSXXY I 
\ 

A c c e 1 e r ome t e r M i  s a 1 i gnme n t E rr or 
14. ADX3XXZ 
15.  AMSYXY \ 
1 6 .  AMSYYZ j 
1 7 .  A M X Z X Z  i 

(example ,  AMSXXY - X a c c e l e r o m e t e r  m i s a l i g n -  
ment i n  t h e  X-Y p l a n e )  

18. AMSZYZ Ji 

1 1 9 .  GDSAX 
2 0 .  GDSAY 
2 1 .  GDSAZ 

Gyro A c c e l e r a t i o n  dependent  D r i f t  Rate caused  
by a c c e l e r a t i o n  a l o n g  t h e  S p i n  Refe rence  Axis 

Cons tan t  gyro d r i f t  i 2 2 .  G C D X  
2 3 .  GCDY 
2 4 .  G C D Z  

2 5 .  GEPTX Gyro A c c e l e r a t i o n  dependent  d r i f t  r a t e  c a u s e d  
2 6 .  GEPTY ) by a c c e l e r a t i o n  a l o n g  t h e  o u t p u t  a x i s .  
2 7 .  GEPTZ j (Gyro End P l a y  Torque)  

28. 
29. iEgiiY" 1 
30. A C B I A Z  

Acce lerometer  Cons tan t  Bias E r r o r .  
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T a b l e  3 ( c o n t ’ d )  

3 1  

32 .  

33 .  

34. 

35 .  

36 
37.  
38 .  

39 .  
b o .  
4 1 .  

4 2 .  
43. 
4 4 .  

T I M I G U  

T I M C O U  

FTD 

I S P  

MASSD 

MASD- 3 

FTD-1 ] 
FTD-2 > 
FTD-3 2’ 

I S P D - 1  ‘I, 
ISPD-2 
ISPD-3 /’ 

- 2 -  

Engine i g n i t i o n  t i m e  u n c e r t a i n t y  

Engine c u t o f f  t i m e  u n c e r t a i n t y  

Engine t h r u s t  d e v i a t i o n  d u r i n g  T L I  

Engine S p e c i f i c  Impulse  d e v i a t i o n  d u r i n g  T L I  

V e h i c l e  Mass d e v i a t i o n  a t  t h e  s t a r t  o f  T L I  

S IC ,  S I I ,  and S-IVB mass d e v i a t i o n s  d u r i n g  E P O I  

SIC,  S I I ,  and S-IVB e n g i n e  t h r u s t  d e v i z t i o n s  
d u r i n g  TLI 

SIC,  311, and S - I V B  ej2lglne s p e c i f i c  i E p u l s e  
d e v i a t i o n s  d u r i n g  EPOI  
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